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A growing number of shock compression experiments, especially those involving laser compression,
are taking advantage of in situ x-ray diffraction as a tool to interrogate structure and microstructure
evolution. Although these experiments are becoming increasingly sophisticated, there has been little
work on exploiting the textured nature of polycrystalline targets to gain information on sample
response. Here, we describe how to generate simulated x-ray diffraction patterns from materials
with an arbitrary texture function subject to a general deformation gradient. We will present
simulations of Debye-Scherrer x-ray diffraction from highly textured polycrystalline targets that
have been subjected to uniaxial compression, as may occur under planar shock conditions. In
particular, we study samples with a fibre texture, and find that the azimuthal dependence of the
diffraction patterns contains information that, in principle, affords discrimination between a number
of similar shock-deformation mechanisms. For certain cases we compare our method with results
obtained by taking the Fourier Transform of the atomic positions calculated by classical molecular
dynamics simulations. Illustrative results are presented for the shock-induced α–ǫ phase transition
in iron, the α–ω transition in titanium and deformation due to twinning in tantalum that is initially
preferentially textured along [001] and [011]. The simulations are relevant to experiments that can
now be performed using 4th generation light sources, where single-shot x-ray diffraction patterns
from crystals compressed via laser-ablation can be obtained on timescales shorter than a phonon
period.
I. INTRODUCTION
The response of matter to shock compression has been a subject of study for more than a half a century1–5,
and early in this field of research it was recognised that the high transient stresses to which materials could be
subject caused them to yield and deform plastically, and, in certain circumstances, to undergo rapid polymorphic
phase transitions6–9. An understanding of the pertinent physics operating at the lattice level that underpins the
material response has long been sought, and has been a strong motivator in the development of lattice-level and
structural measurement techniques with sufficient temporal resolution to interrogate detailed material response during
the deformation process itself. Of particular relevance to the work presented here are recent advances in ultra-fast
x-ray diffraction. The first diffraction patterns of crystals subjected to shock compression taken during the passage
of the shock itself had exposure times of ten of nanoseconds10–13 . Since this pioneering work significant progress has
been made by the use of x-ray sources based on diode-technology14, synchrotron emission15, and the use of x-rays
emitted from plasmas created by irradiation with high-power lasers16,17. More recently however, the development
of so-called 4th generation light sources, such as the Linac Coherent Light Source (LCLS), has allowed high-quality
single-shot diffraction patterns to be obtained in just a few tens of femtoseconds – freezing motion on a timescale
faster than the shortest phonon period in the system.18
The transient x-ray sources mentioned above have been used to further our understanding of the response of
both single-crystals and polycrystalline matter to both shock and quasi-isentropic compression5,11,13,17–29. A num-
ber of x-ray diffraction techniques have been developed to monitor material response, including divergent beam
geometry30, white-light Laue diffraction31, Debye-Scherrer diffraction10–13 and the use of energy-dispersive single-
photon counting32. While studies of both single-crystals and polycrystalline matter have been undertaken, in the case
of polycrystalline samples very little attention has yet been paid to the role of texture in these uniaxial compression
experiments - that is to say the distribution function of grain orientations within a particular polycrystalline specimen.
A number of manufacturing methods, such as rolling and epitaxial growth, result in characteristic textures due to the
way in which the materials have been processed. This texture has an influence on a range of physical properties such as
strength, electrical conductivity and wave propagation33. Therefore texture plays an important role in understanding
material response.
2Furthermore, whilst the texture of a sample will influence its response to rapid uniaxial compression, it will also
have a profound influence on the way in which the sample diffracts. As certain grain orientations are more likely to
occur than others, the intensity of a particular Debye-Scherrer ring (corresponding to a certain set of Miller indices)
will have a strong azimuthal dependence, and this dependence can in turn be used to extract texture information.
Indeed, significant static studies of the texture of polycrystalline samples have been undertaken with synchrotron
sources for many years.33–39. Wenk and co-workers provide an overview of the use of synchrotrons in such texture
analysis35. While the texture of a material is often represented by a set of pole figures which can be measured
directly via x-ray diffraction, prediction of anisotropic material properties requires knowledge of the full orientational
distribution function (ODF). The ODF gives the probability of a crystallite having an given orientation, therefore
provides a complete description about the texture of the sample. Pole figures, being a 2D projections of the ODF,
result in some texture information being lost, although methods have been developed to obtain an approximate ODF
from pole figures35.
Given that the preferred orientation defined by texture links both the diffraction patterns observed, and the sample
response, it is logical to question whether specific information can be gleaned via in situ diffraction studies of samples
with known, well-defined texture. For example, bulk rotations of the crystal lattice, or changes in the crystal structure,
such as Martensitic phase changes, will result in an altered texture that could be used to distinguish between different
mechanisms of atomic rearrangement. This reorientation has been observed in previous work using both neutron
sources40 and synchrotrons35,39, although only at relatively modest pressures compared with those we are interested
in here.
Ideally one would wish to understand the detailed response to shock compression of samples as a function of their
ODF, and to then predict the resultant diffraction patterns. We outline in section II the method by which this could
in principle be done. However, in terms of the results of particular simulations, our present goal is more modest: we
restrict ourselves to crystals that are highly fibre-textured - that is to say all of the grains within the sample initially
have very similar orientations with respect to a single axis (the fibre axis), only deviating slightly in angle from that of
a high-symmetry direction. As all of the grains have similar orientations along a given axis, which we also take to be
the axis of compression, we might expect that we can, to a reasonable approximation, model certain aspects of their
response to shock or quasi-isentropic compression using single-crystal parameters. In particular, when determining
how the material will respond to compression and shear, we assume that the elastic stresses, supported by elastic
strains, can be calculated by using elastic constants appropriately chosen to mimic single crystal response along the
pertinent directions. In terms of x-ray diffraction, however, the finite range of orientations determined by the ODF
is such that a monochromated, non-divergent incident x-ray beam can diffract from a reasonably large subset of the
grains, both in the shocked and un-shocked case. A similar approach to that outlined above has recently been used
to observe, via femtosecond diffraction, the ultimate compressive strength of copper subjected to shock compression
at strain-rates of order 109 s−118. We shall show that breaking the symmetry of the system, such that the direction
of the incident x-rays and the target normal (parallel to the compression direction) are no longer antiparallel, allows
us to determine specific information about the system under study.
The layout of the paper is as follows. In section II we describe the method by which we determine the analytic
diffraction pattern as a function of compression, and the angle that the sample normal makes to the x-ray beam.
The background to the molecular dynamics simulations are outlined in section III before, in section IV providing the
results for simulations for the α–ǫ phase transition in iron, the α–ω transition in titanium, and deformation due to
twinning in tantalum. We then conclude with a discussion of the results, and suggestions for experiments and further
work.
II. METHOD
We have previously shown how to calculate the position of Debye-Scherrer rings from a polycrystal strained by an
arbitrary deformation gradient in the Voigt limit41, and for the sake of completeness we restate briefly the results here.
We envisage a planar sample orientated such that its surface normal n lies along the z′ direction. As mentioned above,
we allow symmetry to be broken, such that the direction of incidence of x-rays for wavevector k0 can be non-parallel
to n, and along the direction z. The rotation matrix R transforms from the unprimed (x-ray) to primed (target)
co-ordinate system. Debye-Scherrer diffraction occurs when the Laue condition is met: G = RTG′ = k − k0, where
k is the wave-vector of the diffracted x-ray. Deformation of the crystal in real space is represented by the arbitrary
deformation gradient F applied in the target (primed) co-ordinate system, which corresponds to the analogue in
reciprocal space of (FT )−1. With these relations we see that the reciprocal lattice vector for an unstrained crystal in
x-ray co-ordinates, G0, is transformed under deformation to a new reciprocal lattice vector G, where
G0 = R
T
F
T
RG = αG, (1)
3where α = RTFTR. By noting that if a plane is to diffract once the sample has been strained, it must meet the Laue
condition, and that for the unstrained case, |G0| =
2pi
d0
, it is possible to solve equation 1 to yield the Bragg angle as a
function of azimuthal angle around the z-axis, φ, for an arbitrary deformation gradient – that is to say we know the
direction of the scattered wavevector, k, and hence can determine via simple ray-tracing where the diffraction will
impinge on a distant detector. In Higginbotham et al.41, diffraction patterns for numerous deformation gradients and
target geometries (with respect to the x-ray beam) are shown. However, in these cases the sample was assumed to be
isotropic in texture, and thus satisfying equation 1 was deemed a sufficient condition for diffraction to occur.
However, a non-isotropic ODF places further constraints on the possibility of diffraction for a given Bragg angle
and azimuthal position around the Debye-Scherrer ring, as the ODF provides the measure of the probability of finding
a crystal with a given G0 existing in the original unstrained sample. The route forward for simulating diffraction
for a crystal with known original ODF under a known arbitrary deformation gradient is now clear: we use the ODF
to determine the probability of a given crystallite having the appropriate G0 existing within the sample, we then
determine G from equation 1 (and hence k from the Laue condition), and use ray-tracing to propagate the diffracted
beam to the detector assuming that the intensity is proportional to the probability of finding the original G0, as
determined by the ODF, and taking into account factors such as multiplicity.
Although the above approach is general, within the rest of this paper we restrict our study to the particular case
of a simple fibre texture where the crystallites have nearly identical orientation in the axial direction, but close to
random radial orientation. Our motivations for this are due to the fact that this allows us to treat the mechanical
response of the polycrystal to be well-approximated by that of a single crystal with orientation aligned with the fibre
axis and that the technique of fibre diffraction under ambient conditions is well established42,43. Furthermore, recent
experiments using femtosecond x-rays created with 4th generation light sources to diffract from uniaxially compressed
samples have employed targets with this type of texture,18 and the thin films that have hitherto been used in these
experiments often grow with such preferential orientation.
Fibre textured samples have a greatly simplified ODF. For the case of perfect fibre texture, each crystallite has
a single crystallographic direction, the fibre orientation, v1, associated with the reciprocal lattice vector (h1, k1, l1),
which for all crystallites are aligned parallel to the sample normal, n. Each grain is then deemed to possess a random
orientation when rotated about the axis, v1. If we consider a particular plane within a crystallite, with miller indices
(h2, k2, l2) (which are the same set of miller indices associated with G0) to which the reciprocal lattice vector is v2,
then the value of vˆ1 · vˆ2 will be a constant. However, when z and z
′ are non-parallel, vˆ1 · Gˆ0 varies as a function
of azimuthal angle around z. Thus, for perfect fibre texture the Debye-Scherrer pattern is not a ring pattern, but an
array of points defined by simultaneously satisfying equation 1, as well as the condition vˆ1 · Gˆ0 = vˆ1 · vˆ2. Note that
this condition does not take into account multiplicity, and therefore one must consider this condition for each member
of v2 in the {h2, k2, l2} family, since they do not necessarily result in the same values of vˆ1 · vˆ2.
However, real fibre-texture samples contain crystallites that are not perfectly aligned axially, and the volume fraction
of crystallites with reciprocal lattice vectors v1, P (v1), will be a rapidly decreasing function of vˆ1 · vˆn, where now
vˆn =< vˆ1 >. We further assume that for a given volume fraction with a certain v1, the directions v2 of the normals
to the planes with miller indices [h2, k2, l2] within the crystallites will be arranged randomly azimuthally around the
axis v1, such that the possible orientations of v2 are simply constrained by v2 · v1 being equal to the value it would
take for a single crystal: that is to say P (v2) ∝ P (v1) subject to the v2 · v1 constraint. The diffraction condition is
once more defined by simultaneously satisfying equation 1, as well as the condition vˆ1 · Gˆ0 = vˆ1 · vˆ2., but now the
intensity of the diffraction is proportional to P (v1). As the possible directions of v1 can now vary over a constrained
range, our pattern is a series of arcs, rather than points. For the sake of simplicity in our simulations here we assume
that the volume fractions of crystallite orientiations are uniform over a small range of angles, i.e. P (v1) = C, a
constant, for | arccos(vˆ1 · Gˆ0) − arccos(vˆ1 · vˆ2)| ≤ δ, and P (v1) = 0 for | arccos(vˆ1 · Gˆ0) − arccos(vˆ1 · vˆ2)| > δ.
This method effectively finds the intersection between the Ewald and Polanyi spheres42–44, however for the case of
anisotropic strains, the Polanyi sphere is deformed into an ellipsoid. Note that by changing the x-ray energy or the
sample orientation, which varies the size of Ewald sphere or rotates the Polanyi sphere respectively, the position of
the arcs on the Debye-Scherrer ring also change, and that by varying these parameters, different parts of reciprocal
space can be interrogated.
III. MOLECULAR DYNAMICS SIMULATIONS
One advantage of the fibre texture discussed above is that one knows (to within the texture width) the crystallo-
graphic orientation of grains with respect to an applied planar compression front. This is particularly important as
crystallite orientation can drastically alter the material response under uniaxial loading26,45–47. In the case that grain
size is comparable to sample thickness18, one can approximate the response of the sample as being close to that of a
suitably oriented single crystal. This is particularly pertinent if one wishes to compare results with those of molecular
4BCC
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FIG. 1: (Color online) A simulated ray trace of diffraction from a [001] fibre textured polycrystalline HCP Fe formed under
shock compression. The blue overlaid lines show the positions of arcs from uniaxially compressed BCC, while the red lines
show the positions of arcs from HCP with OR [001]bcc || [21¯1¯0]hcp, [110]bcc || [0002]hcp. For clarity the x-ray energies used to
trace the bcc and hcp overlays were offset by 1%. The corners of the detector are located at a scattering angle 2θ = 74.2◦.
dynamics, where state of the art polycrystalline simulations are still generally limited to grain sizes of 5-100nm48–52,
far below the grain sizes of typical experimental samples.
In order to relax the requirements on computational power, we present a method of simulating the response of a fibre
textured target by manipulation of a single crystal simulation. We do this by first performing a 3D Fourier Transform
(FT) of the computed electron density of the single crystal53. This provides us with a momentum space representation
of the lattice which describes the allowed scattering vectors for diffraction.
Working with the intensity of this FT, we first note that any polar dependence around the compression axis can
be neglected due the random rotational distribution of grains in a fibre textured sample. Considering a cylindrical
geometry, we therefore produce a 2D representation of the FT, which flattens the data into its (ρ, z) components,
effectively integrating around φ. In the case of a perfect (zero texture width) fibre texture, this 2D representation
correctly describes all scattering.
For the case of finite texture width, one can imagine that the misorientations of the grains are simply related to
a rotation about the origin of the 2D representation, and so to mimic the width we sum rotated representations
for angles between ±δ. This new representation necessarily still retains the cylindrical symmetry required for fibre
texture, but correctly accounts for the distribution of grain alignments. Of course, as δ becomes larger than a few
degrees, the underlying assumption that all grains react in a similar manner to a well aligned single crystal will break
down. However, for this paper we will assume suitably small texture widths of ≈ 5◦ where this approach works well.
One can now raytrace simulated diffraction patterns directly from this 2D representation by only considering the
(ρ, z) component of the scattering vectors expressed in this cylindrical target geometry.
IV. RESULTS
We now present results for three different fibre-textured polycrystals subject to uniaxial compression: iron with
a [001] fibre texture, titanium with [0001] fibre-texture, and tantalum with [001] and [011] fibre-textures. For all
three crystals we make assumptions about the deformation mechanisms, and use the approach of section II to predict
diffraction patterns. For two of the cases - iron and tantalum - we also compare our calculations with diffraction
patterns simulated using the method of molecular dynamics, as outlined in section III.
5A. α–ǫ Phase Transition in [001] Iron
The α–ǫ phase transition in iron is an example Martensitic transformation, characterised by a collective movement
of atoms across distances that are typically smaller than a nearest-neighbour spacing. These type of transitions
are well suited to laser compression studies, since the timescales on which they occur are comparable to the short
pulses that can be attained in laser experiments. Importantly, for these non-diffusional transitions, an orientational
relationship (OR) exists between the two phases. While the OR does not uniquely determine the mechanism by which
the phase transition occurs, it can significantly reduce the number of candidate mechanisms. The ability to measure
the OR in situ is therefore highly desirable.
As an example of determination of an OR, we take the case of [001] oriented iron, where the phase transition
mechanism is well understood. Molecular dynamic simulations undertaken by Kadau et al. aimed to understand
iron’s bcc-hcp shock induced phase transition54. The results of these investigations were later reproduced with
remarkable fidelity in experimental x-ray diffraction studies5,25. In both MD and experiment, the OR was described
as [001]bcc || [21¯1¯0]hcp, [110]bcc || [0002]hcp
54 . One can therefore consider this OR as reorienting a fibre textured sample
from (002)bcc to (21¯1¯0)hcp.
Following Kadau, we simulate a 100x100x800 cell (288x288x2301A˚) iron single crystal shocked along the [001]
direction by 0.7 km s−1 piston using the same Voter-Chen potential used in Kadau’s work54. For this piston velocity,
the material does not reach the 18.4% uniaxial compression needed to create ideal HCP, instead reaching only
13.8%25, resulting in an anisotropically strained HCP structure. A 3D FT was performed on a section of the material
behind the shock front. The FT was modified to mimic that of a fibre textured polycrystal, using the method
described in section III. Figure 1 shows the resultant ray trace53 for a detector in transmission geometry, using
a 12 keV x-ray source and with the sample normal rotated at an angle 30◦ to the incoming x-rays. The overlaid
red lines show the predicted diffraction pattern (using the methods of section II) of strained HCP iron described
above, with a c/a ratio of 1.73, a texture direction along [112¯0]hcp and a textured width of 5
◦. The blue lines
show the pattern from 13.8% uniaxially compressed BCC. As expected, there is agreement between the raytrace
and predictions from the molecular dynamics simulations, supporting the validity of the approach outlined in section II.
0001
A
A
A
B
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2020 ̅ 
1121̅ 
1011 + 1120̅ ̅ 
OR Variant: 
I
II
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FIG. 2: (Color online) The predicted diffraction pattern using 7.5 keV x-rays from the ω phase of a shocked [0001] fibre textured
Ti sample, with the sample normal rotated at an angle 25◦ to the incoming x-rays. The green arcs labelled A and B correspond
to the {101¯1} and {112¯0} sets of planes respectively. The corners of the diagram are located at a scattering angle 2θ = 70.5◦.
6TABLE I: The three ORs that correspond to various proposed mechanisms of the α− ω phase transition in [0001] Titanium
Variant Orientational Relationship Ref
I (0001)
α
|| (101¯1)
ω
, [101¯0]
α
|| [1¯011]
ω
55–57
II (0001)
α
|| (12¯10)
ω
, [12¯10]
α
|| [0001]
ω
55,58
Zong (0001)
α
|| (101¯0)
ω
, [101¯0]
α
|| [112¯3]
ω
47
B. α–ω Phase Transition in [0001] Titanium
The group IV transition metals titanium (Ti), zirconium (Zr) and hafnium (Hf) have a hexagonal close packed
structure (α) under ambient conditions, but exhibit a Martensitic phase transition to another hexagonal structure
(ω) under high pressure. Although the α–ω transition is well established, the mechanism by which it occurs, and
therefore the OR between the phases, is still not fully understood, especially under different loading conditions. A
summary of the ORs for various proposed mechanisms is given in table I. The first two ORs were proposed by Usikov
and Zilbershtein55 in a TEM study of statically compressed Zr and Ti, by arguing that the transition occurs via an
intermediate β phase, and are usually referred to as Variant I and II. Earlier work by Silcock58 on the ω phase in Ti
alloys proposed a different direct mechanism which corresponds to the Variant II OR. Later computational work by
Trinkle56 demonstrated that a new mechanism, known as TAO-1, had a lower energy barrier than that proposed by
Silcock. This new mechanism produced the Variant I OR. Experimental work by Song and Gray57 observed the OR
(0001)
α
|| (101¯1)
ω
, [101¯0]
α
|| [112¯3]
ω
, although independent analysis re-examining this data led to the conclusions that
is actually a subset of Variant I59. We have therefore associated Song and Gray’s work with Variant I in table I.
Molecular dynamics simulations performed by Zong et al.47 found that Ti shocked along the [0001] direction resulted
in a mechanism that gave an OR differing from both Variant I and II, as listed in the table. Note that each OR results
in a different fibre texture direction for the ω-phase for uniaxial compression of an initially fibre-textured α-phase
target, and thus a target with the normal tilted with respect to the incident x-ray beam is well suited to provide some
discrimination between variants, therefore providing some insight into possible transformation mechanisms.
The work by Zong47 found that Ti shocked along the [0001] direction by a piston with a velocity of 0.9 km s−1
resulted in transformation to the ω phase, with lattice parameters aω = 4.61 A˚ and cω = 2.82 A˚. Using these values,
we calculate the diffraction pattern from the ω phase of a shock-compressed [0001] sample of Ti with an angular
texture width of ±5◦. The sample normal is set at angle 25◦ to the incoming x-rays, which have an energy of at
7.5 keV. The predicted diffraction patterns for each of the possible variants are shown in Figure 2. The blue, red and
green lines correspond to the diffraction from ω material of Variant I, Variant II and the Zong OR respectively, while
the dotted black line corresponds to the diffraction from an untextured polycrystalline sample. For clarity, the blue
lines have been slightly offset outside the true Debye-Scherrer rings, while the red lines have been slightly offset inside.
A clear difference can be seen in the diffraction patterns for the different variants, thus allowing the OR and hence a
subset of mechanisms to be determined by the azimuthal position of the diffracting arcs around the Debye-Scherrer
ring. It is important to note that the ability to discriminate clearly between all three ORs is not guaranteed, and
relies on a judicious choice of both x-ray energy and tilt angle.
Figure 2 also demonstrates that lines with similar d-spacings do not necessarily appear at similar azimuthal positions.
For example in an ideal ω crystal, the {101¯1} and {112¯0} planes have the same spacing and are therefore completely
unresolvable by powder diffraction from an untextured sample. However, since these planes form different angles to
the sample normal, within a textured sample their corresponding arcs appear at different azimuthal angles around
the Debye-Scherrer ring, allowing them to be resolved. This is shown in Figure 2, where the green arcs labelled A
correspond to the {101¯1} set of planes, while the green arc labelled B corresponds to the {112¯0} set of planes. By
resolving these two arcs, we are able to gain information that cannot be obtained via powder diffraction from an
untextured sample; in this case on any small departure from the ideal c/a ratio. We note that it is only possible to
resolve lines with similar d-spacings if the angle between G-vectors of each of the planes and the sample normal is
significantly different.
C. Twinning in [001] and [011] Tantalum
Tantalum provides an appealing case to study, owing to its multitude of competing plasticity mechanisms (a
combination of dislocation and deformation twinning mediated responses). This is of particular interest, as Debye-
Scherrer diffraction in polycrystalline samples with completely random texture cannot distinguish between slip and
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FIG. 3: (Color online) Simulated diffraction from a [001] fibre textured polycrystalline Ta under shock compression. Overlaid
are the predicted diffraction patterns for: (a). the untwinned case, with elastic strains of ǫt = −0.029, ǫl = −0.136 shown in
green and (b) the twinned case, with elastic strains of ǫt = −0.052, ǫl = −0.109 , shown in red. The corners of the detector are
located at a scattering angle 2θ = 66.3◦.
twinning. Most experimental work into twinning under uniaxial dynamic compression has been performed using
either explosive lenses or gas guns60–63. However, to date, time resolved laser diffraction experiments have failed to
yield any evidence of twinning in situ, although residual twinning has been observed in laser driven shock recovery
experiments64,65.
As with phase transitions, the reorientation of the lattice caused by twinning will result in a different crystallographic
direction being oriented along the fibre direction. This may, in turn, lead to a signature in the diffraction pattern. A
similar technique using neutron diffraction has been used to observe twinning in magnesium, which occurs at much
lower pressures than in tantalum40.
Molecular dynamics simulations performed by Higginbotham et al. have predicted a significant twinning fraction
in [001] tantalum under shock compression66. In that work, the sample was found to be almost completely twinned
when compressed by a piston with a velocity of 0.9 km s−1, corresponding to a uniaxial compression in the elastic
wave by 18%. The authors noted that after an initial uniaxial compression of 18.4%, twinning could be achieved by
shuffling alternating (1¯12) planes in the 〈111〉 direction. They therefore proposed this to be the mechanism by which
the twinning occurred, with the material reaching its final state via elastic relaxation, although they caution that,
given the relatively simple nature of the potential used, they do not claim to exactly model what will occur in practice
in shocked Ta. However, the observed shuffling provides a possible mechanism for how twinning of bcc materials may
occur under shock compression.
We repeated the simulations in this work, using a 100x100x800 cell (330x330x2644A˚) Ta single crystal, modelled
using the EFS potential67, and shocked along the [001] direction by a piston travelling at 0.9 km s−1. The per atom
structure factor (PASF)66 was used to distinguish between twinned and untwinned material in the plastically deformed
material behind the shock front. A 3D FT was performed on a stable region within the plastically deformed material
behind the shock front, as well as the twinned region separately, and both were modified in the way described in section
III. The diffraction pattern was simulated assuming a 12 keV x-ray source, with the angle between the incoming x-
rays and the sample normal being 25◦. The results are shown in Figure 3. For the case of slip, while small rotations
of the crystal lattice have been observed68, no large reorientation is expected, and thus the fibre orientation will
remain close to [001]. However, by comparing the observed and predicted positions of the diffraction arcs for a [001]
textured sample including the strains described above (shown in Figure 3a), it is clear that there has been significant
reorientation of crystallites within the sample, indicative of twinning.
In Figure 3b we plot the predicted diffraction pattern using the methods of section II assuming that the sample
8ba c
FIG. 4: (Color online) Simulated diffraction from a [011] fibre textured polycrystalline Ta under shock compression. Overlaid
are the predicted diffraction patterns for: (a). the untwinned case, with elastic strains of ǫt = −0.045, ǫl = −0.075, shown in
green, (b) the twinned case, with the [9¯22] direction close to the compression axis, shown in red, and (c) both the untwinned
and twinned case together. The corners of the detector are located at a scattering angle 2θ = 51.3◦.
has undergone twinning, and is subject to the longitudinal and transverse strains noted above. In order to find the
diffraction pattern resulting from the shuffling mechanism above, one must consider how this affects the lattice vectors
of the crystal. The sample is first compressed uniaxially along the z axis by 18.4%. The shuffling then has the effect
of causing the crystal to be reflected in the (112) twinning plane. Note that as crystal is uniaxially compressed, this
causes the [001] direction to be reflected to the [111] direction of the compressed crystal, rather than the [221] direction
expected under hydrostatic conditions (see Figure 6 of Higginbotham et al.66). Lastly, the twinned material returns
towards the hydrostat, by relaxing along the longitudinal direction and compression along the transverse directions
in the new rotated coordinates. The final longitudinal and transverse strains were measured to be -0.109 and -0.052
respectively. However, in the textured sample, the effect of a finite texture width must also be considered. In this case,
the initial compression occurs at slight angle to the texture direction, which results in a slightly different orientation
of the twinning plane. The crystal is then reflected in this altered twinning plane, and relaxes as before. To create
the predicted diffraction pattern, the lattice vectors of many crystallite orientations within the desired texture width
were deformed by the method given above. These were then used to calculate deformed reciprocal lattice vectors, and
thus the resultant diffraction pattern.
Excellent agreement can be seen between the analytic solution, and the MD simulation, demonstrating that twinning
has occurred, although slight differences can be observed which are due to the small angle assumptions used in section
III to simulate the 3D FT of a fibre textured target. Additionally, there are some very weak arcs in the data
corresponding to plastically compressed material (Figure 3a). The ratio of intensities of lines from twin and slip
deformed material is indicative of the twin fraction.
While most theoretical work on twinning in Ta has concentrated on the [001] direction, recent MD studies by Ravelo
et al. have suggested shocking along the [011] direction may be more favourable for deformation twinning, due to
the lower observed shear stress threshold for twin nucleation69. This agrees with gas gun recovery work on Ta single
crystals, which found a significantly higher twin volume fraction in shocks along [011], compared to the [001] and
[111] directions62. Furthermore, as the [011] direction is the preferred direction for epitaxial growth of fibre textured
thin films, this direction is particularly well suited for this technique. The [011] orientation exhibits two types of
{112} 〈111〉 twin systems, which result in different fibre orientations. Under hydrostatic conditions, the first type
causes no change in the fibre texture, while the second causes a reorientation to the [4¯11] direction. However, only
the second type has non-zero Schmid factors, and it is therefore assumed that only twins of this type occur. It follows
that diffraction arcs corresponding to a [001] fibre orientation are from untwinned material, while arcs corresponding
to fibre orientations close to the [4¯11] type directions are from the two twinned variants.
We repeated the simulations in this work, using a 100x100x800 cell (330x330x2644A˚) Ta single crystal, single
crystal, modelled using Ravelo’s Ta1 EAM potential69, and shocked along the [011] direction by a piston travelling at
0.62 km s−1. Again the PASF was used to distinguish between twinned and untwinned material, and a 3D FT was
performed on each region separately. In the twinned material, the [9¯22] direction of the compressed crystal is close
to the compression axis, which is consistent with twinning after an initial uniaxial compression, similar to the [001]
case. The diffraction pattern was simulated assuming a 10 keV x-ray source, with the angle between the incoming
9x-rays and the sample normal being 45◦. The results are shown in Figure 4. Since the twinning mechanism in [011]
Ta is not well understood, the predicted pattern was produced for the structure found measured with the FT. Again,
good agreement is seen between the analytic solution and the MD simulation, although in this case, there are strong
arcs corresponding to both twinned and untwinned material, suggesting a significant amount of both are present in
the sample.
V. DISCUSSION
The examples we have given above demonstrate that x-ray diffraction from uniaxially compressed fibre-textured
targets can in principle yield information on deformation mechanisms, be they due to phase transformations or
twinning. The breaking of the symmetry of the problem, by tilting the normal of the polycrystalline target with
respect to the incident x-ray beam allows the encoding of such information in the azimuthal distribution of intensity
in the Debye-Scherrer rings. We envisage that the methods that we have outlined here will aid in the design of
experiments that have as their goal the elucidation of such mechanisms. It is worth considering, however, that the
choice of initial fibre direction is important in determining what structural information can be extracted. In particular
it should be noted that for [001] fibre oriented Fe and Ta samples, these orientation do not have the lowest surface
energy, and thus are not the typical orientations in which thin polycrystalline foils of these materials grow. It may
thus be that some effort is required to fabricate suitable samples. This is not an issue for the case of [0001] Ti or
[011] Ta, which are usually grown with these textures. Beyond the four demonstration cases given above, it is clear
that further work could concentrate on a variety of different samples and deformation mechanisms. In addition, we
believe that the technique may have other advantages for the study of samples subject to shock or quasi-isentropic
compression. Owing to the high strain rates present in such experiments, high dislocation densities70 or small grain
sizes under phase transformation may ensue25,54, resulting in broad diffraction peaks that are hard to resolve simply in
terms of scattering angle, and thus would not necessarily be easily amenable to study by techniques such as Rietveld
refinement. However, tilting of a target and separation of diffraction peaks azimuthally offers a possible route to
finding structural solutions under the extreme pressures that can be obtained via laser-ablation. We believe that
the technique we have outlined could have application to laser based shock and compression experiments that make
use of emergent 4th generation light sources, which offer incredibly bright, narrow bandwidth x-ray sources, with
unprecedented temporal resolution.
VI. ACKOWLEDGMENTS
DM acknowledges support from LLNL under Subcontract No. B595954. AH acknowledges financial support from
AWE.
∗ Electronic address: d.mcgonegle1@physics.ox.ac.uk.
† Now at Department of Physics, University of York, Heslington, York YO10 5DD, UK
1 M. H. Rice, R. G. McQueen, and J. M. Walsh, “Compression of solids by strong shock waves,” Solid state Phys., vol. 6,
pp. 1–63, 1958.
2 G. E. Duvall and G. R. Fowles, “Shock waves,” in High Press. Phys. Chem. Vol. 2, vol. 2, p. 209, 1963.
3 L. Davison and R. Graham, “Shock compression of solids,” Phys. Rep., vol. 55, pp. 255–379, Oct. 1979.
4 J. W. Swegle and D. E. Grady, “Shock viscosity and the prediction of shock wave rise times,” J. Appl. Phys., vol. 58, no. 2,
p. 692, 1985.
5 D. H. Kalantar, J. Belak, G. W. Collins, J. Colvin, H. Davies, J. H. Eggert, T. Germann, J. Hawreliak, B. Holian, K. Kadau,
P. Lomdahl, H. E. Lorenzana, M. A. Meyers, K. Rosolankova, M. Schneider, J. Sheppard, J. Sto¨lken, and J. S. Wark, “Direct
Observation of the α-ǫ Transition in Shock-Compressed Iron via Nanosecond X-Ray Diffraction,” Phys. Rev. Lett., vol. 95,
pp. 1–4, Aug. 2005.
6 S. Minshall, “Properties of Elastic and Plastic Waves Determined by Pin Contactors and Crystals,” J. Appl. Phys., vol. 26,
no. 4, p. 463, 1955.
7 D. Bancroft, E. L. Peterson, and S. Minshall, “Polymorphism of Iron at High Pressure,” J. Appl. Phys., vol. 27, p. 291, Mar.
1956.
8 G. R. Fowles, “Shock Wave Compression of Hardened and Annealed 2024 Aluminum,” J. Appl. Phys., vol. 32, no. 8, p. 1475,
1961.
9 D. B. Hayes, “Polymorphic phase transformation rates in shock-loaded potassium chloride,” J. Appl. Phys., vol. 45, no. 3,
p. 1208, 1974.
10
10 Q. Johnson, A. Mitchell, R. Keeler, and L. Evans, “X-Ray Diffraction During Shock-Wave Compression,” Phys. Rev. Lett.,
vol. 25, pp. 1099–1101, Oct. 1970.
11 Q. Johnson, A. Mitchell, and L. Evans, “X-ray Diffraction Evidence for Crystalline Order and Isotropic Compression during
the Shock-wave Process,” Nature, vol. 231, pp. 310–311, June 1971.
12 Q. Johnson and A. Mitchell, “First X-Ray Diffraction Evidence for a Phase Transition during Shock-Wave Compression,”
Phys. Rev. Lett., vol. 29, pp. 1369–1371, Nov. 1972.
13 Q. Johnson, “X-ray diffraction study of single crystals undergoing shock-wave compression,” Appl. Phys. Lett., vol. 21, no. 1,
p. 29, 1972.
14 R. Germer, “X-ray flash techniques,” J. Phys. E., vol. 12, pp. 336–350, May 1979.
15 D. H. Bilderback, P. Elleaume, and E. Weckert, “Review of third and next generation synchrotron light sources,” J. Phys.
B At. Mol. Opt. Phys., vol. 38, pp. S773–S797, May 2005.
16 J. S. Wark, R. Whitlock, A. Hauer, J. Swain, and P. Solone, “Shock launching in silicon studied with use of pulsed x-ray
diffraction,” Phys. Rev. B, vol. 35, pp. 9391–9394, June 1987.
17 J. S. Wark, R. Whitlock, A. Hauer, J. Swain, and P. Solone, “Subnanosecond x-ray diffraction from laser-shocked crystals,”
Phys. Rev. B, vol. 40, pp. 5705–5714, Sept. 1989.
18 D. Milathianaki, S. Boutet, G. J. Williams, A. Higginbotham, D. Ratner, A. E. Gleason, M. Messerschmidt, M. M. Seibert,
D. C. Swift, P. Hering, J. Robinson, W. E. White, and J. S. Wark, “Femtosecond visualization of lattice dynamics in
shock-compressed matter.,” Science, vol. 342, pp. 220–3, Oct. 2013.
19 R. R. Whitlock and J. S. Wark, “Orthogonal strains and onset of plasticity in shocked LiF crystals,” Phys. Rev. B, vol. 52,
pp. 8–11, July 1995.
20 Y. M. Gupta, K. A. Zimmerman, P. A. Rigg, E. B. Zaretsky, D. M. Savage, and P. M. Bellamy, “Experimental developments
to obtain real-time x-ray diffraction measurements in plate impact experiments,” Rev. Sci. Instrum., vol. 70, no. 10, p. 4008,
1999.
21 P. A. Rigg and Y. M. Gupta, “Real-time x-ray diffraction to examine elastic–plastic deformation in shocked lithium fluoride
crystals,” Appl. Phys. Lett., vol. 73, no. 12, pp. 1655–1657, 1998.
22 T. D’Almeida and Y. M. Gupta, “Real-time X-ray diffraction measurements of the phase transition in KCl shocked along
[100],” Phys. Rev. Lett., vol. 85, pp. 330–333, 2000.
23 A. Loveridge-Smith, A. Allen, J. Belak, T. Boehly, A. Hauer, B. Holian, D. H. Kalantar, G. Kyrala, R. Lee, P. Lomdahl,
M. A. Meyers, D. Paisley, S. Pollaine, B. A. Remington, D. Swift, S. Weber, and J. S. Wark, “Anomalous Elastic Response
of Silicon to Uniaxial Shock Compression on Nanosecond Time Scales,” Phys. Rev. Lett., vol. 86, pp. 2349–2352, Mar. 2001.
24 D. H. Kalantar, J. Belak, E. M. Bringa, K. Budil, M. Caturla, J. Colvin, M. Kumar, K. T. Lorenz, R. E. Rudd, J. Stolken,
A. M. Allen, K. Rosolankova, J. S. Wark, M. A. Meyers, and M. Schneider, “High-pressure, high-strain-rate lattice response
of shocked materials,” Phys. Plasmas, vol. 10, no. 5, p. 1569, 2003.
25 J. Hawreliak, J. Colvin, J. H. Eggert, D. H. Kalantar, H. E. Lorenzana, J. S. Sto¨lken, H. Davies, T. Germann, B. Holian,
K. Kadau, P. Lomdahl, A. Higginbotham, K. Rosolankova, J. Sheppard, and J. S. Wark, “Analysis of the x-ray diffraction
signal for the α- transition in shock-compressed iron: Simulation and experiment,” Phys. Rev. B, vol. 74, pp. 1–16, Nov.
2006.
26 W. J. Murphy, A. Higginbotham, G. Kimminau, B. Barbrel, E. M. Bringa, J. Hawreliak, R. Kodama, M. Koenig, W. McBar-
ron, M. A. Meyers, B. Nagler, N. Ozaki, N. Park, B. A. Remington, S. Rothman, S. M. Vinko, T. Whitcher, and J. S. Wark,
“The strength of single crystal copper under uniaxial shock compression at 100 GPa.,” J. Phys. Condens. Matter, vol. 22,
p. 065404, Feb. 2010.
27 J. Hawreliak, B. El-Dasher, H. E. Lorenzana, G. Kimminau, A. Higginbotham, B. Nagler, S. M. Vinko, W. Murphy,
T. Whitcher, J. S. Wark, S. Rothman, and N. Park, “In situ x-ray diffraction measurements of the c/a ratio in the high-
pressure ǫ phase of shock-compressed polycrystalline iron,” Phys. Rev. B, vol. 83, pp. 1–6, Apr. 2011.
28 J. R. Rygg, J. H. Eggert, A. E. Lazicki, F. Coppari, J. A. Hawreliak, D. G. Hicks, R. F. Smith, C. M. Sorce, T. M. Uphaus,
B. Yaakobi, and G. W. Collins, “Powder diffraction from solids in the terapascal regime,” Rev. Sci. Instrum., vol. 83,
pp. 113904–113907, Nov. 2012.
29 A. J. Comley, B. R. Maddox, R. E. Rudd, S. T. Prisbrey, J. A. Hawreliak, D. A. Orlikowski, S. C. Peterson, J. H. Satcher,
A. J. Elsholz, H.-S. Park, B. A. Remington, N. Bazin, J. M. Foster, P. Graham, N. Park, P. A. Rosen, S. R. Rothman,
A. Higginbotham, M. J. Suggit, and J. S. Wark, “Strength of Shock-Loaded Single-Crystal Tantalum [100] Determined using
In Situ Broadband X-Ray Laue Diffraction,” Phys. Rev. Lett., vol. 110, p. 115501, Mar. 2013.
30 D. H. Kalantar, E. M. Bringa, M. Caturla, J. Colvin, K. T. Lorenz, M. Kumar, J. Stolken, A. M. Allen, K. Rosolankova,
J. S. Wark, M. A. Meyers, M. Schneider, and T. R. Boehly, “Multiple film plane diagnostic for shocked lattice measurements
(invited),” Rev. Sci. Instrum., vol. 74, no. 3, p. 1929, 2003.
31 M. J. Suggit, G. Kimminau, J. Hawreliak, B. A. Remington, N. Park, and J. S. Wark, “Nanosecond x-ray Laue diffraction
apparatus suitable for laser shock compression experiments.,” Rev. Sci. Instrum., vol. 81, p. 083902, Aug. 2010.
32 A. Higginbotham, S. Patel, J. A. Hawreliak, O. Ciricosta, G. W. Collins, F. Coppari, J. H. Eggert, M. J. Suggit, H. Tang,
and J. S. Wark, “Single photon energy dispersive x-ray diffraction.,” Rev. Sci. Instrum., vol. 85, p. 033906, Mar. 2014.
33 H.-R. Wenk and P. V. Houtte, “Texture and anisotropy,” Reports Prog. Phys., vol. 67, pp. 1367–1428, Aug. 2004.
34 H. R. Wenk, F. Heidelbach, D. Chateigner, and F. Zontone, “Laue orientation imaging.,” J. Synchrotron Radiat., vol. 4,
pp. 95–101, Mar. 1997.
35 H.-R. Wenk and S. Grigull, “Synchrotron texture analysis with area detectors,” J. Appl. Crystallogr., vol. 36, pp. 1040–1049,
July 2003.
36 H.-R. Wenk, G. Ischia, N. Nishiyama, Y. Wang, and T. Uchida, “Texture development and deformation mechanisms in
11
ringwoodite,” Phys. Earth Planet. Inter., vol. 152, pp. 191–199, Sept. 2005.
37 G. Ischia, H.-R. Wenk, L. Lutterotti, and F. Berberich, “Quantitative Rietveld texture analysis of zirconium from single
synchrotron diffraction images,” J. Appl. Crystallogr., vol. 38, pp. 377–380, Mar. 2005.
38 N. R. Barton and J. V. Bernier, “A method for intragranular orientation and lattice strain distribution determination,” J.
Appl. Crystallogr., vol. 45, pp. 1145–1155, Nov. 2012.
39 S. C. Vogel, H. Reiche, and D. W. Brown, “High pressure deformation study of zirconium,” Powder Diffr., vol. 22, pp. 113–
117, Mar. 2012.
40 D. Brown, S. Agnew, M. Bourke, T. Holden, S. Vogel, and C. Tome´, “Internal strain and texture evolution during deformation
twinning in magnesium,” Mater. Sci. Eng. A, vol. 399, pp. 1–12, June 2005.
41 A. Higginbotham and D. McGonegle, “Prediction of Debye-Scherrer diffraction patterns in arbitrarily strained samples,” J.
Appl. Phys., vol. 115, p. 174906, May 2014.
42 M. Polanyi, “The X-ray fiber diagram,” Z. Phys, vol. 7, pp. 149–180, 1921.
43 M. Polanyi, “The X-ray fiber diagram,” Z. Phys, vol. 9, pp. 123–130, 1923.
44 N. Stribeck, “On the determination of fiber tilt angles in fiber diffraction.,” Acta Crystallogr. A., vol. 65, pp. 46–7, Jan.
2009.
45 V. Dupont and T. C. Germann, “Strain rate and orientation dependencies of the strength of single crystalline copper under
compression,” Phys. Rev. B, vol. 86, p. 134111, Oct. 2012.
46 R. F. Smith, R. W. Minich, R. E. Rudd, J. H. Eggert, C. A. Bolme, S. L. Brygoo, A. M. Jones, and G. W. Collins,
“Orientation and rate dependence in high strain-rate compression of single-crystal silicon,” Phys. Rev. B, vol. 86, p. 245204,
Dec. 2012.
47 H. Zong, T. Lookman, X. Ding, S.-N. Luo, and J. Sun, “Anisotropic shock response of titanium: Reorientation and trans-
formation mechanisms,” Acta Mater., vol. 65, pp. 10–18, Feb. 2014.
48 E. M. Bringa, A. Caro, Y. Wang, M. Victoria, J. M. McNaney, B. A. Remington, R. F. Smith, B. R. Torralva, and H. Van
Swygenhoven, “Ultrahigh strength in nanocrystalline materials under shock loading.,” Science, vol. 309, pp. 1838–41, Sept.
2005.
49 K. Kadau, T. Germann, P. Lomdahl, R. Albers, J. S. Wark, A. Higginbotham, and B. Holian, “ShockWaves in Polycrystalline
Iron,” Phys. Rev. Lett., vol. 98, pp. 1–4, Mar. 2007.
50 H. N. Jarmakani, E. M. Bringa, P. Erhart, B. A. Remington, Y. M. Wang, N. Q. Vo, and M. A. Meyers, “Molecular dynamics
simulations of shock compression of nickel: From monocrystals to nanocrystals,” Acta Mater., vol. 56, pp. 5584–5604, Nov.
2008.
51 E. M. Bringa, S. Traiviratana, and M. A. Meyers, “Void initiation in fcc metals: Effect of loading orientation and nanocrys-
talline effects,” Acta Mater., vol. 58, pp. 4458–4477, Aug. 2010.
52 N. Gunkelmann, E. M. Bringa, D. R. Tramontina, C. J. Ruestes, M. J. Suggit, A. Higginbotham, J. S. Wark, and H. M.
Urbassek, “Shock waves in polycrystalline iron: Plasticity and phase transitions,” Phys. Rev. B, vol. 89, p. 140102, Apr.
2014.
53 G. Kimminau, B. Nagler, A. Higginbotham, W. J. Murphy, N. Park, J. Hawreliak, K. Kadau, T. C. Germann, E. M. Bringa,
D. H. Kalantar, H. E. Lorenzana, B. A. Remington, and J. S. Wark, “Simulating picosecond x-ray diffraction from shocked
crystals using post-processing molecular dynamics calculations,” J. Phys. Condens. Matter, vol. 20, p. 505203, Dec. 2008.
54 K. Kadau, T. C. Germann, P. S. Lomdahl, and B. L. Holian, “Microscopic view of structural phase transitions induced by
shock waves.,” Science, vol. 296, pp. 1681–4, May 2002.
55 M. P. Usikov and V. A. Zilbershtein, “The orientation relationship between the α- and ω-phases of titanium and zirconium,”
Phys. Status Solidi, vol. 19, pp. 53–58, Sept. 1973.
56 D. Trinkle, R. Hennig, S. Srinivasan, D. Hatch, M. Jones, H. Stokes, R. Albers, and J. Wilkins, “New Mechanism for the α
to ω Martensitic Transformation in Pure Titanium,” Phys. Rev. Lett., vol. 91, p. 025701, July 2003.
57 S. G. Song and G. T. Gray, “Microscopic and crystallographic aspects of retained omega phase in shock-loaded zirconium
and its formation mechanism,” Philos. Mag. A, vol. 71, pp. 275–290, Feb. 1995.
58 J. Silcock, “An X-ray examination of the to phase in TiV, TiMo and TiCr alloys,” Acta Metall., vol. 6, pp. 481–493, July
1958.
59 G. Jyoti, K. D. Joshi, S. C. Gupta, and S. K. Sikka, “Crystalography of the alpha-omega transition in shock-loaded
zirconium,” Philos. Mag. Lett., vol. 75, pp. 291–300, May 1997.
60 L. Murr, M. Meyers, C.-S. Niou, Y. Chen, S. Pappu, and C. Kennedy, “Shock-induced deformation twinning in tantalum,”
Acta Mater., vol. 45, pp. 157–175, Jan. 1997.
61 L. Hsiung and D. Lassila, “Shock-induced deformation twinning and omega transformation in tantalum and tantalumtung-
sten alloys,” Acta Mater., vol. 48, pp. 4851–4865, Dec. 2000.
62 J. N. Florando, N. R. Barton, B. S. El-Dasher, J. M. McNaney, and M. Kumar, “Analysis of deformation twinning in
tantalum single crystals under shock loading conditions,” J. Appl. Phys., vol. 113, no. 8, p. 083522, 2013.
63 B. Pang, I. Jones, Y. Chiu, J. Millett, G. Whiteman, and N. Bourne, “Orientation dependence of shock induced dislocations
in tantalum single crystals,” J. Phys. Conf. Ser., vol. 522, p. 012029, June 2014.
64 C. Lu, B. Remington, B. Maddox, B. Kad, H. Park, S. Prisbrey, and M. Meyers, “Laser compression of monocrystalline
tantalum,” Acta Mater., vol. 60, pp. 6601–6620, Nov. 2012.
65 C. Lu, B. Remington, B. Maddox, B. Kad, H. Park, M. Kawasaki, T. Langdon, and M. Meyers, “Laser compression of
nanocrystalline tantalum,” Acta Mater., vol. 61, pp. 7767–7780, Dec. 2013.
66 A. Higginbotham, M. J. Suggit, E. M. Bringa, P. Erhart, J. A. Hawreliak, G. Mogni, N. Park, B. A. Remington, and J. S.
Wark, “Molecular dynamics simulations of shock-induced deformation twinning of a body-centered-cubic metal,” Phys. Rev.
12
B, vol. 88, p. 104105, Sept. 2013.
67 X. D. Dai, Y. Kong, J. H. Li, and B. X. Liu, “Extended FinnisSinclair potential for bcc and fcc metals and alloys,” J. Phys.
Condens. Matter, vol. 18, pp. 4527–4542, May 2006.
68 M. J. Suggit, A. Higginbotham, J. a. Hawreliak, G. Mogni, G. Kimminau, P. Dunne, A. J. Comley, N. Park, B. A. Remington,
and J. S. Wark, “Nanosecond white-light Laue diffraction measurements of dislocation microstructure in shock-compressed
single-crystal copper.,” Nat. Commun., vol. 3, p. 1224, Jan. 2012.
69 R. Ravelo, T. C. Germann, O. Guerrero, Q. An, and B. L. Holian, “Shock-induced plasticity in tantalum single crystals:
Interatomic potentials and large-scale molecular-dynamics simulations,” Phys. Rev. B, vol. 88, p. 134101, Oct. 2013.
70 E. M. Bringa, K. Rosolankova, R. E. Rudd, B. A. Remington, J. S. Wark, M. Duchaineau, D. H. Kalantar, J. Hawreliak, and
J. Belak, “Shock deformation of face-centred-cubic metals on subnanosecond timescales.,” Nat. Mater., vol. 5, pp. 805–9,
Oct. 2006.
